Intrinsic Differences between the Superficial and Deep Layers of the Xenopus Ectoderm Control Primary Neuronal Differentiation  by Chalmers, Andrew D et al.
Developmental Cell, Vol. 2, 171–182, February, 2002, Copyright 2002 by Cell Press
Intrinsic Differences between the Superficial and
Deep Layers of the Xenopus Ectoderm Control
Primary Neuronal Differentiation
stage, they need to generate a primitive nervous system
that functions very early in development. Thus, in am-
phibians and fish, a subset of neuroectodermal cells
leave the cell cycle and start differentiation at the end of
gastrulation, giving rise to primary neurons (Hartenstein,





1989; Wilson and Easter, 1992). Later, a second waveUnited Kingdom and
of neurogenesis takes place, generating secondary neu-Department of Anatomy
rons that function in the adult and largely replace theDowning Street
primary neurons (Forehand and Farel, 1982; Wilson andCambridge CB2 3DY
Easter, 1992).United Kingdom
In Xenopus, labeling of single cells at the neural plate
stage has shown that there are separate precursors
for primary and secondary neurons (Hartenstein, 1989).
Furthermore, the ectoderm at the neural plate stage wasSummary
shown to be bilayered, consisting of a deep (sensorial)
layer and a superficial (epithelial) layer.In Xenopus, primary neurons differentiate early, in the
During neurulation, the two layers interdigitate, givingdeep layer of the neuroectoderm. In contrast, the neu-
rise to a monolayer. Interestingly, precursors of primaryral precursors of the superficial layer continue to pro-
neurons are located in the deep layer, while secondaryliferate. We report that superficial layer precursors
precursors are located both in the deep and superficialdiffer from deep layer precursors in that they are re-
layers of the neural plate. As a result, the two layers offractory to the neuronal-promoting activity of bHLH
the ectoderm differ in their schedule of differentiation,genes, dominant-negative X-Delta-1, FGF-8, or signals
such that only the deep layer undergoes early neuronalfrom the organizer. In this system, neuronal differenti-
differentiation.ation is guided by an early established, intrinsic, cell-
The molecular control of neurogenesis has been ex-autonomous difference in the competence of the pre-
tensively studied in the frog, and a number of transcrip-cursor cells to differentiate. This difference may be
tion factors, termed proneural genes, have been showncontrolled in part by ESR6e, a bHLH gene of the En-
to be capable of inducing ectopic neuronal differentia-hancer-of-split family, which is expressed in the super-
tion when overexpressed in Xenopus embryos (reviewedficial layer of the late blastula and when expressed
in Sasai [1998]). However, most investigations do notectopically suppresses primary neurogenesis in the
distinguish between the two layers of the ectoderm,deep layer.
either in the examination of the normal pattern of gene
expression or in the analysis of misexpression. There-
fore, the molecular basis for the different schedule ofIntroduction
neurogenesis between the two layers is not known.
It is thought that a signal from underlying mesodermThe neural ectoderm is generated during gastrulation
is required to promote neuronal differentiation in theand initially consists of undifferentiated dividing neuro-
ectoderm (Lamb et al., 1993). Thus, one hypothesis wouldepithelial cells. During development, these cells exit the
be that the superficial layer is not exposed to this signal,cell cycle and undergo differentiation to generate the
because it is separated from the mesoderm by the deepneurons and glia that populate the adult nervous system.
layer (Hartenstein, 1989). An alternative model is that the
This process is temporally controlled, so that differenti-
two layers have an intrinsic difference that predisposes
ated cells are generated over a period of time during
their response to inductive signals, leading them to
which other cells continue dividing to build up a large adopt alternative fates.
population of progenitor cells. Widespread premature In this paper, we investigate the mechanism that un-
differentiation would lead to an early depletion of pro- derlies the difference in fate between the superficial and
genitor cells, resulting in severe reduction in the final deep layers of the ectoderm in terms of early (primary)
number of neurons and glia. These effects can be seen neuronal differentiation, aiming to distinguish between
in Hes-1 and BF-1 knockout mice, which both have pre- these two models. We show that, although some general
mature neuronal differentiation that leads to exenceph- neural markers (e.g., XSox3 and SoxD) are expressed
aly and anencephaly (Ishibashi et al., 1995) or severely in both layers of the neural ectoderm, a number of neuro-
reduced cerebral hemispheres (Xuan et al., 1995). Con- nal differentiation-promoting transcription factors (e.g.,
sequently, the temporal control of neurogenesis is of X-neurogenin- related-1 [X-ngnr-1] and NeuroD) and
great importance in generating a functional nervous sys- X-Delta-1, which encodes an X-Notch-1 ligand, are ex-
tem of the right size. pressed only in the deep layer. This difference in gene
In anamniotic embryos, the temporal control of neuro- expression could account for the lack of early neuronal
genesis is important for an additional reason; since differentiation in the superficial layer. However, while
these organisms go through a free-swimming larval misexpression of X-ngnr-1, NeuroD, FGF-8, and domi-
nant-negative X-Delta-1 is sufficient to override neu-
ronal inhibitory mechanisms in the deep layer, it is un-
able to promote primary neuronal differentiation in the1Correspondence: np209@mole.bio.cam.ac.uk
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superficial layer. The superficial layer does not form 2A). However, these were found almost exclusively in
the deep layer of the ectoderm (Figures 2B and 2C,neurons even when cultured in contact with organizer
arrowheads), despite the presence of strong lacZ stain-mesoderm, the source of the endogenous inducing sig-
ing in the superficial layer (arrow). The nonneural ecto-nals, even though both ectodermal layers form undiffer-
derm is also bilayered, and the difference in responseentiated neural tissue. This difference in response is
was observed throughout the ectoderm (nonneural, n present throughout the ectoderm and is maintained
13; neural, n  7) (Figures 2B and 2C, arrows). Thewhen the two layers are isolated from each other and
difference was confirmed by counting the number ofthe rest of the embryo at the onset of gastrulation and
LacZ-positive cells that responded in the two layerscultured intact or dissociated. Thus, an intrinsic and cell-
(Figure 2O).autonomous difference in the competence for neuronal
In the cascade leading to neuronal differentiation,differentiation exists between the two layers at the onset
X-ngnr-1 lies upstream of NeuroD (Ma et al., 1996).of gastrulation, preceding mesoderm involution and
X-ngnr-1 overexpression produced a very large numberneural induction. Finally, we present evidence that
of ectopic neurons in the ectoderm (Figure 2D). In theESR6e, a bHLH gene of the Enhancer-of-split/hairy/HES
nonneural ectoderm, the ectopic neurons were almostfamily that responds to Notch activation (Deblandre et
all induced in the deep, not in the superficial, layer ofal., 1999), is a likely molecular component of the inhibi-
the ectoderm (Figures 2E and 2O, n  17). In embryostory pathway that is present in the superficial layer.
with LacZ in the neural region (n  10), ectopic neurons
were also induced mostly in the deep, not in the superfi-
Results cial, layer of the ectoderm (Figure 2F). In some embryos,
however, we observed some response of the neural
Neural Markers Are Expressed in Both Layers superficial layer (Figure 2G), but cell counts in sections
of the Ectoderm but Neuronal Differentiation confirmed that the response was about 4-fold lower than
Markers Are Restricted to the Deep Layer that in the deep layer (Figure 2O). The response of the
Numerous genes that are expressed in the Xenopus superficial layer was stronger with the high dose of
neural plate have been described. However, in most X-ngnr-1 (i.e., 5% of LacZ-positive cells at 0.25 ng, n 
cases, the expression in the deep layer versus that in 171 and 22% at 0.5 ng, n  203, with around 80%
the superficial layer has not been examined. We found response in the deep layer in both cases, n  511 and
that neural genes fall into two classes with respect to 542) and was always confined close to the dorsal mid-
their deep versus superficial layer expression. In the first line. The much lower induction of N-tubulin by X-ngnr-1
class, there are genes that are expressed in both layers in the superficial layer was surprising, considering that
of the neuroectoderm. These tend to be general neural X-ngnr-1 is a very potent neuronal inducer, capable of
markers, such as XSox3, SoxD, and NCAM (Figures 1B overriding all spatial inhibitions in the deep layer (Ma et
and 1C; Bellefroid et al., 1998; Kintner and Melton, 1987; al., 1996; Figure 2D). We conclude that X-ngnr-1 and
Mizuseki et al., 1998; Penzel et al., 1997), verifying that NeuroD overexpression promotes neuronal differentia-
both layers have a neural fate. Interestingly, the neural tion much more readily in the deep layer than it does in
region is narrower in the superficial layer than in the deep the superficial layer of the ectoderm.
layer, consistent with the finding that the prospective Interestingly, X-ngnr-1 induced robust expression of
epidermis converges to the midline and covers the neu- NeuroD in the superficial layer (Figure 2H), but this was
ral plate well in advance of neural fold fusion (Davidson apparently inefficient in inducing N-tubulin expression.
and Keller, 1999). Also in this class is the general neural Thus, one block in the pathway leading to differentiation
in the superficial layer may be placed downstream ofmarker nrp-1 (Knecht et al., 1995), which is expressed
NeuroD activation (Figure 7B). X-ngnr-1 also inducedprimarily in the deep layer but shows a low level of
X-Delta-1 expression in the superficial layer (Figure 2I).expression in the superficial layer (Figure 1D). Genes in
Although one can argue that the superficial layer is inhib-the second class are expressed exclusively in the deep
ited by the increased X-Delta-1 expression, comparablelayer. These genes are thought to promote neuronal differ-
levels of X-Delta-1 were induced in the deep layer, soentiation, e.g., X-ngnr-1 and NeuroD (Lee et al., 1995;
this alone cannot explain the difference in response.Ma et al., 1996), or lateral inhibition, e.g., the X-Notch-1
Consistent with this idea, expression of X-Delta-1stu, aligand X-Delta-1 (Chitnis et al., 1995; Figure 1H). Finally, in
dominant-negative form of X-Delta-1, increased thethis deep layer-specific class is the neuronal differentiation
number of primary neurons in the deep layer, but wasmarker N-tubulin (Figure 1I; Oschwald et al., 1991).
also ineffective in inducing differentiation in the superfi-
cial layer (Figures 2J and 2K). Finally, the superficial
In Whole Embryos, the Superficial Layer layer did not respond to the neuronal-inducing activity
of the Ectoderm Is Refractory to Factors of FGF-8 (Hardcastle et al., 2000; Figures 2L and 2M).
that Promote Neuronal Differentiation FGF-8 was also unable to induce X-ngnr-1 expression
The lack of expression of neuronal determination fac- in the superficial layer, suggesting the existence of an
tors, such as X-ngnr-1 and NeuroD, in the superficial additional block that exists upstream of X-ngnr-1 (Figure
layer may explain why primary neuronal differentiation 2N; summarized in Figure 7B).
does not occur in this layer. If this were the case, then These results show that in whole embryos, the superfi-
misexpression of these genes in the superficial layer cial layer has a number of blocks in the neuronal differen-
would drive these cells to differentiate. tiation pathway that make it refractory to a wide range
Overexpression of NeuroD produced a very large of factors that promote neuronal differentiation in the
deep layer.number of ectopic neurons on the injected side (Figure
Primary Neuronal Differentiation Competence
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Figure 1. Gene Expression Profile of the Su-
perficial and Deep Layers
(A) Schematic diagram of the neural plate.
(B–I) Gene expression at the neural plate
stage, shown in whole embryos (insets, ante-
rior to the left) and transverse sections for
each gene. Arrowheads point to the deep
layer and arrows to the superficial layer of
the neural plate (s, somite; n, notochord).
The Superficial and Deep Layers Maintain Their the deep layer could be exposed to a positive signal
from the underlying mesoderm, and/or the superficialDifference in Primary Neuronal Differentiation When
They Are Separated at the Late Blastula Stage layer could be exposed to an inhibitory signal from the
underlying deep layer ectoderm (Figure 3A). Alterna-and Cultured in Isolation
The two layers of the neural plate stage ectoderm can be tively, the difference may be caused by intrinsic factors
(Figure 3A). To distinguish between these two possibili-traced back to the two layers of late blastula ectoderm,
because there is no cell mixing between the two layers ties, we asked whether the two layers show the same
difference in response when they are separated fromuntil neural tube closure (Keller, 1978). Thus, the different
response of the deep and superficial layers to neuronal- each other and the rest of the embryo before gastrulation
(stages 9 and 10) and cultured in isolation.promoting factors could be imposed by extrinsic sig-
nals, either during or after gastrulation. For example, In isolated animals caps, X-ngnr-1 expression was very
Developmental Cell
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Figure 2. The Superficial and Deep Layers Show a Different Response to Factors that Promote Neuronal Differentiation
(A–N) Known promoters of neuronal differentiation were misexpressed with lacZ as a lineage label (light blue), and the response of both layers
was scored by in situ hybridization (purple), shown as RNA injected/marker analyzed in whole mounts (anterior to the left) and transverse
sections.
(O) Percentage of LacZ-positive cells that are N-tubulin positive after expression of 0.5 ng NeuroD and X-ngnr-1 in the neural and nonneural
regions. The extent of the neural region was based on the normal width of XSox3 expression. The number of cells counted is shown above
each bar. Cell counts were obtained from six NeuroD embryos and seven X-ngnr-1 embryos in the nonneural region and seven NeuroD
embryos and five X-ngnr-1 embryos in the neural region.
effective in inducing N-tubulin expression (Figure 3C, 96%, The Superficial and Deep Layers of the Animal
Cap Respond Differently to Neuronal Inductionn 25), consistent with previous reports (Ma et al., 1996).
However, sections of X-ngnr-1-expressing animal caps by Underlying Mesoderm
To test whether the superficial layer will form neuronsshowed that the ectopic neurons were all found in the
deep layer of the cap (Figure 3D). Next, X-ngnr-1-injected when placed in direct contact with inducing mesoderm,
organizer tissue was recombined with whole caps, deepanimal caps were separated into deep and superficial lay-
ers and cultured in isolation from the embryo and each layer, or superficial layer (Figure 4A). In these recombina-
tions, we used responding tissue (ectoderm) from trans-other. We found that the deep layer showed strong expres-
sion of N-tubulin, which extended to the edge of the ex- genic Xenopus embryos that have the N-tubulin pro-
moter driving GFP in their developing neurons (Figureplant (100%, n  11, Figures 3F and 3G). In contrast,
X-ngnr-1-expressing animal caps consisting of superficial 4B; Kroll and Amaya, 1996; Marsh-Armstrong et al.,
1999). This eliminated any contaminating N-tubulin sig-layer only showed either a few (37%, n  19 caps, Figure
3J) or no (63%, n 19 caps, Figure 3I) N-tubulin-positive nal from the organizer explant, as this tissue is nontrans-
genic.cells.
Primary Neuronal Differentiation Competence
175
Figure 3. The Superficial and Deep Layers
Still Show a Different Response to X-ngnr-1
When They Are Separated at Stage 10 and
Cultured in Isolation
(A) The difference in competence could be
caused by an extrinsic signal from the meso-
derm or an intrinsic difference between the
two layers, present at stage 10. To test which
model is correct, whole caps, deep layers,
and superficial layers were separated at
stage 10 from control and X-ngnr-1-injected
embryos and cultured in isolation (see Experi-
mental Procedures). The induction of neurons
was then scored by the expression of N-tubu-




(D) Section of X-ngnr-1 cap.
(E) Control deep layer.
(F) X-ngnr-1-injected deep layer.
(G) Section of X-ngnr-1-injected deep layer.
(H) Control superficial layer.
(I) X-ngnr-1-injected superficial layer.
(J) An independent experiment in which the
response of whole caps (insert) to X-ngnr-1
was compared to that of superficial layer. A
minority of superficial layer caps responded
weakly (arrowhead).
Control cap, deep layer, superficial layer, and orga- region (Keller, 1975). We wanted to establish whether
this dorsal region also has a different response to signalsnizer explants cultured in isolation were negative for
GFP expression (data not shown). Organizer tissue re- from the organizer. This is important, because several
lines of evidence suggest that, before gastrulation, thecombined with whole cap showed a strong induction of
GFP (Figure 4C) in 70% (n  20) of recombinations. dorsal side of the animal pole ectoderm has different
properties than the ventral side (Ruiz i Altaba and Jes-This percentage is close to the expected rate for the
transmission of this transgene (75%, see Experimental sell, 1991; Sokol and Melton, 1991). Whole ectoderm,
deep layer, and superficial layer were taken from theProcedures). Organizer tissue recombined with deep
layer also showed a strong induction of GFP (Figure dorsal noninvoluting marginal zone, which is fated to
form the neural ectoderm (Keller [1975]; confirmed by4D) in 67% (n  18) of the recombinations. In contrast,
organizer tissue recombined with superficial layer homotypic transplantations of lineage-labeled tissue,
data not shown), and recombined with organizer tissueshowed no induction of GFP in 89% (n 18) of recombi-
nations and only a very small amount of induction in the (Figure 4F).
Dorsal superficial control (n 16) and mesoderm con-remaining 11% (Figure 4E).
These results show that superficial and deep layers trol (n  15) were negative for GFP expression. Dorsal
ectoderm and deep layer control showed GFP inductionthat have been isolated from the embryo before gastru-
lation show intrinsic differences in their response to in- in 24% (n  17) and 18% (n  17), respectively (data not
shown). This induction is likely a result of some explants,duction of neuronal differentiation by X-ngnr-1 as well
as from the organizer, an endogenous inducer. containing some contaminating organizer tissue.
Dorsal ectoderm and deep layer combined with orga-
nizer tissue both showed strong induction of GFP ex-Prospective Neural Superficial and Deep Layers
Also Respond Differently to Neuronal Induction pression in 75% (n 16) and 65%, respectively (Figures
4G and 4H). In contrast, only 20% (n  20) of the dorsalby Underlying Mesoderm
In normal development, the neural ectoderm originates superficial layer recombined with organizer mesoderm
showed induction of GFP, and these cases only showedfrom the prospective dorsal side and not the animal cap
Developmental Cell
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Figure 4. Superficial and Deep Layers Respond Differently to the Induction of Neuronal Differentiation When Placed in Direct Contact with
Inducing Mesoderm
(A) Whole cap, deep layer, or superficial layer tissue from an N-tub-GFP transgenic embryo was recombined with wild-type organizer tissue
and scored for GFP expression.
(B) An N-tub-GFP embryo.
(C) Organizer tissue recombined with whole cap.
(D) Organizer tissue recombined with deep layer tissue.
(E) Organizer tissue recombined with superficial layer tissue.
(F–I) Recombinations were repeated as above but with explants of dorsal ectoderm rather than animal cap.
Arrows highlight GFP-expressing neurons. Very few such cells are observed in recombinants involving the superficial layer.
a very small amount of induction (Figure 4I). Thus, both layer is not likely to be caused by a lack of neural in-
duction.the future neural and nonneural superficial layer ecto-
derm show a low competence for neuronal differentia-
tion induced by organizer mesoderm.
The Difference in Competence
Is Cell Autonomous
Dissociation of the ectoderm eliminates intercellular sig-The Superficial Layer Is Competent to Undergo
Neural Induction naling and leads to autonomous neuralization (Grunz
and Tackle, 1989), presumably by the inhibition of BMPA distinction can be made between neural induction,
which results in the formation of undifferentiated neuro- signaling (Wilson and Hemmati-Brivanlou, 1995). To es-
tablish whether the ability of the superficial layer to resistepithelial cells, and neurogenesis, which refers to the
subsequent differentiation of these cells. Our experi- neuronal differentiation is a property of single cells, we
separated animal caps into deep and superficial layersments so far assayed neuronal differentiation. There-
fore, to test whether the superficial layer is competent and dissociated them. The response of the cells was
assayed by real-time PCR for neural (XSox3), neuronalfor neural induction, we repeated the organizer animal
cap recombinants as above but scored for neural induc- (elrC; Perron et al., 1999), and epidermal markers (Kera-
tin; Jamrich et al., 1987; Figure 5H). As previously de-tion by the expression of XSox3 (Figure 5). In these
experiments, the responding animal cap tissue was from scribed (Wilson and Hemmati-Brivanlou, 1995), dissoci-
ated deep cells downregulated the expression ofan albino FLDx-labeled embryo.
Organizer tissue recombined with animal cap (94%, n epidermal keratin and turned on neural and neuronal
markers (Figure 5H). In contrast, dissociated superficial18), deep layer (100%, n 18), and superficial layer (79%,
n  19) all showed induction of XSox3 (Figures 5A–5C). cells showed high levels of epidermal keratin and dimin-
ished levels of either neural or neuronal markers (FigureSecreted molecules, such as noggin, induce neuro-
epithelium in animal caps (Lamb et al., 1993). Whole 5H). Thus, the difference in response between deep and
superficial layer cells is maintained after disaggregation.animal caps and superficial layers isolated from noggin-
injected embryos both expressed XSox3 (Figures 5D– It is interesting that dissociated superficial layers
showed lower XSox3 expression than the deep layers,5G), showing that neural induction had occurred. Thus,
the lack of neuronal differentiation seen in the superficial suggesting that in this assay the superficial layer is not
Primary Neuronal Differentiation Competence
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Figure 5. Comparison of the Competence for
Neural Induction and Neuronal Differentiation
between the Two Ectodermal Layers
(A–G) The superficial and deep layers are both
competent for neural induction. Cap, deep
layer, or superficial layer tissue from the ani-
mal cap region of an FLDx-injected albino
embryo was recombined with pigmented or-
ganizer tissue, cultured, and scored for neural
induction by the expression of XSox3 in the
FLDx-positive portion of the recombination.
(A) Organizer tissue and whole cap.
(B) Organizer tissue and deep layer.
(C) Organizer tissue and superficial layer.
Arrows highlight XSox3 expression in FLDx-
positive tissue.
(D–G) noggin induces XSox3 expression in
isolated caps and superficial layers.
(D) Control cap.
(E) noggin cap.
(F) Control superficial layer.
(G) noggin superficial layer.
(H) Superficial and deep layers show cell-
autonomous differences in neuronal differenti-
ation, after dissociation and delayed reaggre-
gation, when assayed by real-time PCR (see
Experimental Procedures). The signal inten-
sity of each gene in the experimental samples
is calculated relative to its value in stage 18
whole embryo. Data from one experiment,
which is representative of three independent
experiments, are presented. The following
markers were used: odc (loading control),
XSox3, (neural tissue), elrC (differentiating
neurons), and keratin (nonneural ectoderm).
(I) Schematic diagram of sectioned neurula
(stage 16) and gastrula (stage 10) embryo
showing the fate and competence of the su-
perficial and deep layers of the neural and
nonneural ectoderm.
as efficiently neuralized. This difference in neuralization HES family and inhibits ciliated cell development in the
deep layer of the epidermis (Deblandre et al., 1999).was not evident in the organizer recombination or animal
cap experiments and suggests that the two layers may Therefore, it was also a good candidate, because our
data suggests that the difference in the potential fornot be exactly equivalent in terms of neuralization under
some conditions. In turn, this may explain the observa- neurogenesis is present throughout the ectoderm. Since
this difference is in place in the early gastrula ectoderm,tion that in the embryo, the XSox3 domain is narrower
in the superficial layer than in the deep layer. we first surveyed the expression of candidate molecules
at this stage by RT-PCR. From the six genes tested,These findings suggest a novel way to subdivide the
ectoderm, which is based on its competence for neu- three putative transcription factors, Xanf-1, Zic2, and
ronal differentiation and differs from those based on ESR6e, and one kinase, GSK3, were found to be ex-
neural or neuronal fate (Figure 5I). pressed in the early gastrula (stage 10) animal cap (Fig-
ure 6A). When gastrula animal caps were separated into
deep and superficial layers, only ESR6e showed a differ-
The Superficial Layer Expresses a Repressor
ential distribution (Figure 6B). A time course analysisof Neurogenesis
showed that, starting at the onset of zygotic transcrip-A number of molecules, mostly transcription factors,
tion (late blastula, stage 9), ESR6e is restricted to thehave been shown to repress neurogenesis, and we won-
superficial layer (Figure 6C). At the neural plate stage,dered whether any of these might be responsible for
ESR6e expression was found throughout the superficialthe lack of neuronal development in the superficial layer,
layer of the ectoderm, although it was stronger in thee.g., Xiro3 (Bellefroid et al., 1998), Xdbx (Gershon et al.,
epidermal region (Figures 6D and 6E). The latter is con-2000), Xanf-1 (Ermakova et al., 1999), Zic2 (Brewster
sistent with the epidermal expression previously de-et al., 1998), and GSK3 (Marcus et al., 1998). ESR6e
encodes a bHLH protein of the hairy/Enhancer-of-split/ scribed (Deblandre et al., 1999). At tadpole stage (stage
Developmental Cell
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Figure 6. Expression of Genes that May In-
hibit Neuronal Differentiation in the Superfi-
cial Layer
(A) Expression of candidate genes in isolated
stage 10 animal caps by RT-PCR.
(B) Expression of candidate genes in deep
and superficial layers isolated from stage 10
animal caps by RT-PCR. Only ESR6e expres-
sion was restricted to the superficial layer.
(C) Expression of ESR6e in separated deep
and superficial layers at blastula and gastrula
stages by RT-PCR. ESR6e is not maternally
expressed, but its expression is restricted to
the superficial layer from the onset of zygotic
transcription.
(D) Expression of ESR6e at the neurula stage
by whole-mount in situ hybridization. Expres-
sion is stronger in the epidermal ectoderm
and in a bilateral row of cells flanking the
midline (arrow).
(E) Sections of neurula stage embryo showing
expression of ESR6e throughout the superfi-
cial layer of the ectoderm.
(F) High magnification of (E), showing ESR6e
expression in the superficial layer of epider-
mal ectoderm (arrowhead) but not in the deep
layer (arrow). In (E) and (F), a dashed line sep-
arates the ectoderm from underlying meso-
derm.
(G) Section of stage 23 embryo showing ex-
pression of ESR6e in the ventro-lateral neural
tube. This expression may originate from an
earlier expression in cells flanking the midline
(arrow in Figure 6D).
(H) Superficial layer transplants (see [K]) give
rise to elongated cells that maintain apical-
basal contact. No axons and no apically with-
drawn cells were observed in 6/6 embryos.
In this and in (J), neuronal processes are
shown in red.
(I) Expression of N-tubulin at stage 23.
(J) Whole ectoderm transplant (see [K]). Some
cells have withdrawn apical (ependymal) con-
tacts and extended axons (arrows).
(K) Diagram of the homotypic, isochronic,
transplantation of FLDx-labeled ectoderm
(green) into unlabeled host (see Supplemen-
tal Data [http://www.developmentalcell.com/
cgi/content/2/2/171/DC1]). Abbreviations are
as follows: cap, whole animal cap ectoderm;
deep, deep layer ectoderm; n, notochord; su-
perf., superficial layer ectoderm; s, somite.
23), ESR6e is expressed in the cement gland, the blasto- occurs, we examined the response of some key genes.
In ESR6e-injected embryos XSox3 or SoxD, expressionpore remnant (data not shown), and in the ventrolateral
neural tube, in cells flanking the notochord. (Figure 6G). was not inhibited (0%, n  50, 0%, n  12, Figure 7A).
ESR6e also did not inhibit the expression of X-ngnr-1The cells that express ESR6e appear elongated and
contact both the apical and basal surface of the neural (2%, n  54) or the ability of overexpressed X-ngnr-1
to induce NeuroD (Figure 7A), but it greatly diminishedtube, suggesting that they are undifferentiated neuronal
precursors. Indeed, they appear morphologically very the ability of X-ngnr-1 to induce ectopic N-tubulin in the
deep layer (Figure 7A), suggesting a block downstreamsimilar to the undifferentiated neuronal precursors ob-
tained by lineage labeling the superficial layer (Hart- of NeuroD (Figure 7B). As expected, ESR6e also blocked
the ability of NeuroD to induce N-tubulin (data notenstein, 1989; Figure 6H) and very different from N-tubu-
lin-positive cells (Figure 6I; see also, Figure 6J). shown). However, ESR6e overexpression alone blocked
the endogenous expression of NeuroD (80%, n  20,Based on its expression, we predicted that ESR6e
would suppress deep layer cell fates. Indeed, ESR6e Figure 7A), suggesting ESR6e can also block the X-ngnr-1
to NeuroD step, albeit less efficiently than the NeuroDsuppressed neuronal differentiation when misexpressed
in whole embryos (83%, n  95, Figure 7A). To under- to N-tubulin step (summarized in Figure 7B)
Finally, to block the function of endogenous ESR6e,stand at what level the ESR6e blockage of neurogenesis
Primary Neuronal Differentiation Competence
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Figure 7. ESR6e Inhibits Neuronal Differenti-
ation and the Activity of X-ngnr-1 but Does
Not Inhibit Neural Induction
(A) The effect of ESR6e, Xngnr-1, and ESR6e
plus X-ngnr-1 injections (all coinjected with
LacZ). Anterior is to the left. All LacZ-injected
embryos were normal. An example is shown
in the inset. In the upper panel, ESR6e overex-
pression inhibits the expression of N-tubu-
lin and NeuroD but does not inhibit the ex-
pression of XSox3 or X-ngnr-1. In the lower
panel, when ESR6e is coinjected with X-ngnr-1,
it blocks its ability to induce ectopic N-tubu-
lin but not its ability to induce ectopic
NeuroD.
(B) Simplified schematic diagram of the steps
leading to neuronal differentiation in Xeno-
pus. Green checks and red crosses indicate
the steps of the pathway that are functional
or blocked in the superficial layer, respec-
tively. X-ngnr-1 is also capable of activating
X-Delta-1 and suppressing epidermal keratin
in the superficial layer, but this is not shown.
The points of the pathway that appear inhib-
ited by ESR6e are indicated. It is not clear
how the processes of panneural and neuronal
specification are linked. Hence, they are sep-
arated by a vertical line. Arrows do not imply
direct interactions.
we injected an ESR6e antisense morpholino oligo (Heas- to extrinsic signals, received by one layer and not the
other, or are the two layers intrinsically different at theman et al., 2000). This morpholino targeted the 5 end
of the message and specifically blocked translation of time of differentiation?
We demonstrated that the superficial layer forms un-ESR6e in a reticulocyte translation system. Injection of
this inhibitory morpholino did not result in primary neuro- differentiated neural tissue but has a very low capacity
for neuronal differentiation when it is experimentallygenesis in the superficial layer, either alone or in combi-
nation with X-ngnr-1 or NeuroD misexpression (data not challenged by a range of conditions, such as misexpres-
sion of neuronal determination factors and direct con-shown). Thus, ectopic ESR6e is sufficient to suppress
primary neurogenesis, but its absence does not release tact with dorsal mesoderm, which readily induces neu-
ronal differentiation in the deep layer. Thus, we proposethe inhibition of the superficial layer.
that both layers are competent for neural induction (i.e.,
Discussion the development of undifferentiated neural tissue, in
agreement with Asashima and Grunz [1983]), but that
The Deep and Superficial Layers of the Ectoderm the two layers have intrinsically different capacities for
Differ in Their Competence for Neuronal primary neuronal differentiation. We suggest that this
Differentiation intrinsic difference guides the response of layer-specific
The identification of several genes involved in controlling precursors to inducing factors, such that both layers
neurogenesis in Xenopus has contributed greatly to our become neural, but only the deep layer gives rise to
understanding of the molecular control of this process. primary neurons.
However, little attention has been paid to the fact that One question that arises from these findings is to what
the Xenopus neurula stage ectoderm is a bilayered epi- degree this differential competence is likely to represent
thelium consisting of a deep and a superficial layer. a distinct mechanism from those previously described.
In fact, the deep versus superficial distinction is very Indeed, there are other mechanisms involved in pre-
important for the development of the frog nervous sys- venting primary neurogenesis in the frog embryo. First, a
tem. Single-cell labeling (Hartenstein, 1989) and gene high level of BMP signaling would block neural induction
expression data (this work) showed that, although both and, consequently, subsequent differentiation. How-
layers are neural, the primary neurons only originate ever, both superficial and deep layers responded to nog-
from the deep layer. In contrast, precursors located in gin, a BMP inhibitor, by acquiring an undifferentiated
the superficial layer remain undifferentiated and divide neural fate (XSox3 positive), suggesting that the superfi-
longer. Here, we asked why it is that the superficial layer cial layer is not inhibited by insurmountable levels of
cells do not differentiate synchronously with the primary BMP signaling. Dissociation is another way to induce
neural development, presumably working by dilutingneurons at the end of gastrulation. Is this difference due
Developmental Cell
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BMP4 (Wilson and Hemmati-Brivanlou, 1995). Dissoci- inhibition but only in the deep layer of the ectoderm
(Deblandre et al., 1999). Interestingly, the specificationated superficial layer cells did not form neurons, unlike
deep layer cells, again arguing against a role for BMP4 of cement gland also differs between deep and superfi-
cial cells, again consistent with the notion that differ-in blocking differentiation in the superficial layer.
Other mechanisms that control primary neurogenesis ences between these two layers exist throughout the
early Xenopus ectoderm (Bradley et al., 1996).are Notch/Delta-mediated lateral inhibition and the lo-
calized expression of inhibitors and activators of neuro-
genesis at the neural plate stage of development ESR6e Is an Early, Superficial Layer-Specific
(Bellefroid et al., 1998; Bourguignon et al., 1998; Brew- Inhibitor of Primary Neurogenesis
ster et al., 1998; Chitnis et al., 1995; Gershon et al., 2000; The difference in competence described here could be
this work). However, to the extent that they have been mediated by the superficial layer expressing an inhibitor
examined, these other mechanisms appear to operate of neurogenesis. Based on our findings, we predicted
in the deep layer only and therefore may be normally that such a factor would be differentially expressed in
involved in restricting neuronal differentiation to specific gastrula ectoderm, would have cell-autonomous activ-
cells within the deep layer. For example, XBF-1, FGF-8, a ity, would act throughout the ectoderm, and, finally,
dominant-negative form of X-Delta-1, and two neuronal would be able to suppress the differentiation of primary
determination bHLH genes are only active in promoting neurons when misexpressed. We have found that, unlike
extraneuronal differentiation in the deep layer of the a number of known neuronal inhibitors, all of these pre-
ectoderm (Bourguignon et al., 1998; this work). dictions were fulfilled by ESR6e, a gene encoding an
Thus, the differential competence between the deep Enhancer-of-split-related putative transcription factor
and superficial layers represents a distinct mechanism and previously described to block the formation of cili-
in controlling neurogenesis, which, combined with other ated cells in the epidermis (Deblandre et al. 1999). Impor-
mechanisms, ensures that enough precursor cells are tantly, the spatial profile of ESR6e expression continues
retained for subsequent differentiation, including those to fit its proposed role as a superficial layer inhibitor
of secondary neurogenesis. The restriction of nonepi- of neuronal differentiation into the neurula and tadpole
thelial, differentiating neurons to the deep layer may stages.
also be important in maintaining the epithelial seal that We have identified at least two blocks in the differenti-
the superficial layer provides. ation pathway of the superficial layer, one operating
Two distinct layers of cells in the neural plate are not upstream and one downstream of X-ngnr-1 activation,
generally found in other vertebrates. Even in Xenopus, suggesting the existence of multiple blocks. Therefore,
it is a transient phenomenon, since, during neurulation, one might expect that ESR6e would be only one of
the two layers interdigitate, giving rise to a monolayered the superficial layer-specific inhibitors. Indeed, blocking
neural tube, which then resembles the situation in other ESR6e function with an antisense morpholino did not
species. We would suggest that our findings are of gen- result in neuronal differentiation in the superficial layer,
eral significance in generating cell fate diversity in the consistent with the idea of multiple inhibitors. Further
nervous system; an early difference in competence may analyses of loss-of-function situations are still needed
represent a mechanism whereby progenitor cells are to establish whether ESR6e function represents an im-
intrinsically programmed to respond differently when portant contribution to the inhibition of superficial ecto-
exposed to the same factors. It may be that the differ- dermal differentiation during primary neurogenesis.
ence between neurogenesis in Xenopus versus that in Nevertheless, the regulation of ESR6e expression may
other vertebrates is limited to the spatial segregation of provide insight into the mechanism by which the differ-
different progenitors at the neural plate stage, but that ence between the two layers is established. Since the
the mechanisms by which that diversity is generated expression of ESR6e is restricted to the superficial layer
are conserved. from the onset of zygotic transcription (late blastula), it
may be responding to a preexisting difference, which is
likely to depend on maternal components. By the gas-Differential Competence Is Present throughout
trula stage, the difference between the two layers is cellthe Ectoderm and Is Established
autonomous. Therefore, ESR6e may be activated bybefore Gastrulation
X-Notch-1 signaling that takes place before the gastrulaWhen is this difference in competence set up? By isolat-
stage or by an alternative pathway.ing animal cap ectoderm, separating the two layers at
the late blastula stage, and even dissociating them into
Experimental Proceduressingle cells, we have been able to show that their differ-
ence is in place before gastrulation, therefore preceding
Overexpression in Whole Embryos
both mesoderm involution and neural induction. Embryos were obtained and dejellied as described previously (Bour-
Furthermore, this difference was evident in both the guignon et al., 1998), cultured in Marc’s Modified Ringer’s solution
(MMR), and staged according to Nieuwkoop and Faber (1967). Em-animal cap region (prospective epidermis) and the dor-
bryos were injected in one blastomere at the two-cell stage with insal noninvoluting marginal zone (prospective neural).
vitro-transcribed RNA (Message Machine kit, Ambion). The following
This finding fits well with the previous observation that amounts of RNA were injected: 0.25 or 0.5 ng X-ngnr-1 (Ma et al.,
the number of ciliated cells, derived from the deep layer 1996), 0.5 ng NeuroD (Lee et al., 1995), 80 pg FGF8 (Christen and
Slack, 1997), 0.5 ng X-Delta-1stu (Chitnis et al., 1995), and 0.5 orof epidermal ectoderm, is increased by blocking lateral
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0.25 ng ESR6e (Deblandre et al., 1999). As a lineage tracer, 0.5 ng described (see Supplemental Data [http://www.developmentalcell.
com/cgi/content/full/2/2/171/DC1]). Embryos or caps to be sec--galactosidase (lacZ) RNA was coinjected with the experimental
RNA, as previously described (e.g., Detrick et al., 1990; Bourguignon tioned were postfixed in MEMFA, embedded in gelatin/albumen
mixture, which was solidified with gluteraldehyde, sectioned usinget al., 1998). Embryos were cultured until neural fold stage (stages
16–18), fixed, and processed for LacZ expression by an X-gal chro- a Leica VT1000M vibratome, and mounted in 90% glycerol.
mogenic reaction, followed by in situ hybridization (see below).
Reverse Transcription-Polymerase Chain Reaction
Isolation of Animal Cap, Superficial and Deep Layers (RT-PCR) and Quantitative Real-Time PCR
Both blastomeres were injected at the two-cell stage in the animal Total RNA extraction and RT-PCR were carried out as previously
pole using synthetic RNA as above (2 ng X-ngnr-1, 0.5 ng noggin). described (Hudson et al., 1997) except that AMV-RT was used in-
At stage 8, 9, or 11, animal caps were cut and superficial layers stead of MMLV-RT and PCRs were carried out without radioactivity,
isolated by placing whole caps in calcium magnesium free medium so products were visualized on a 2% agarose gel. Loading controls
(CMFM; Sargent et al. [1986]). This dissociates the deep layer but were run with each marker to ensure that the reaction was in the
leaves the superficial layer intact. At stage 10, superficial layers of linear range.
the animal cap were isolated manually using a tungsten needle. The Quantitative real-time PCR was carried out using a LightCycler
exposed underlying deep layer was then isolated manually. After system (Roche; described in Heasman et al. [2000]). A two-step
isolation, whole caps, superficial layers, and deep layers were cul- system was used, so total RNA extraction and RT reaction were
tured in 0.5 MMR and gentamicin (20 g/ml, GIBCO-BRL) until the carried out as above, and then PCR was carried out using the DNA
desired stage or immediately snap frozen, as indicated. Master SYBR Green 1 kit (Roche), as per instructions. One micromo-
lar final primer concentration and 2 mM Mg2 were used throughout.
The primers and conditions for both types of PCR are shown inFate Mapping
Supplemental Data. A dilution series (2, 1, 0.5, and 0.25) wasSee Supplemental Data (http://www.developmentalcell.com/cgi/
run for the stage 18 embryo sample, a dilution of 1 was set ascontent/full/2/2/171/DC1).
100 and used with the Light cycle quantification software to generate
a standard curve. The relative concentration of the other samplesCell Dissociation
could then be calculated using the standard curve. No RT and waterDissociation experiments were carried out as previously described
controls were also run and gave negative results.(e.g., Grunz and Tackle, 1989; Wilson and Hemmati-Brivanlou, 1995)
except that stage 10 animal caps were cut and placed in PhoNaK
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experiments for this study, Aaron Zorn for comments, all the investi-gated, and cultured until stage controls reached stage 18. Gene
gators who provided plasmids used in this work, particularly Giselleexpression was scored by real-time PCR.
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